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Abstract 
In this paper an integrated workflow is described for risk assessment within CCS. IFPEN, SINTEF and TNO joined 
forces to define a comprehensive and transparent risk assessment methodology. The tools developed in these 
institutes are thereby integrated. The workflow can be applied to proposed carbon storage sites. Starting with a 
qualitative analysis and scenario definition potential risky scenarios are defined. These are subsequently investigated 
in a quantitative way, either by so-called fast models or by fully developed numerical codes. The scenario analysis 
includes modelling of the reservoir and caprock behaviour, well integrity evaluation and migration path analysis. The 
important item of sensitivity analysis is addressed by probabilistic means. Finally, the consequences of potential 
surface leakage are addressed in this suite, resulting in a clear picture of the risks at a specific site / time. The 
presented methodology is tested on a real offshore gas field. 
© 2013 The Authors. Published by Elsevier  Ltd  
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1. Introduction 
Geological storage of CO2 requires a risk assessment framework for identifying and assessing possible 
adverse impacts on health, safety and environment. Large-scale implementation of CO2 Capture and 
Storage (CCS) requires regulatory guarantees and standards for meeting these guarantees in the short- and 
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long-term. The risk assessment framework proposed here identifies the probability of occurrence and the 
magnitude of undesirable events and deals with connected uncertainties in a comprehensive and 
transparent way. In such an assessment, both qualitative and quantitative aspects need to be included.  
A suite of dedicated software tools (fast, representative and detailed models) has been implemented 
into a novel, flexible methodology (Fig. 1), which has been evaluated on a depleted offshore gas field test 
case (see Section 4).  
2. ICARAS workflow 
Risk Assessment starts with defining objectives of what is assessed, and a definition of the CO2
containment concept. Then a comprehensive inventory is made of potential risks factors (Features, Events, 
Processes = FEPs). Consequently, scenarios are defined which form the foundation of further numerical 
and probabilistic assessment. ICARAS follows this general line. ICARAS provides an Integrated CArbon 
Risk ASsessment workflow for geological storage of CO2 (Fig. 1) that covers the entire life-chain of a 
CO2 storage site through an efficient methodology from scenario definition to probabilistic impact 
assessment. ICARAS links together pre-existing or specifically developed tools coming from the 
Tri4CCS Alliance (three European research institutes from the Netherlands, France and Norway, i.e. TNO, 
IFP-Energies Nouvelles and SINTEF, respectively); http://www.sintef.no/ccs-alliance). 
Fig. 1. The ICARAS workflow 
3. Building blocks of ICARAS 
The presented workflow can be envisioned through a four modules concept where all the components are 
organized in a systematic approach (Fig. 2). Those four modules are:  
•Scenario Definition helps experts to perform a first qualitative risk assessment and transform 
qualitative evaluations into quantitative specifications. 
•Scenario Analysis provides numerical investigation of scenarios imagined by the experts 
(reservoir and geomechanical models, well integrity)  
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• Impact Assessment evaluates possible consequences of CO2 leakage out of the storage complex 
(migration model and environment) 
•Uncertainty Assessment estimates probabilities associated with leaking events analysed 
through the preceding steps. 
Fig. 2. ICARAS modules 
Each module is associated with software which has been developed within the three entities of the 
Tri4CCS Alliance. The added value of ICARAS is integrating and interfacing available tools to arrive at a 
risk assessment methodology protocol that will be used from begin to end of the storage process. 
Moreover, qualitative and quantitative aspects are included.  
3.1 Scenario definition 
The Carbon Sequestration Scenario Identification Framework (CASSIF) is a safety and risk 
assessment methodology based on a scenario approach [2]. It is a web application 
(http://edison.nitg.tno.nl/fep/dev/index.php/) created to enable the hazard analysis in an interactive way. 
The scenario analysis focuses on performing a comprehensive inventory of risk factors (Features, Events 
and Processes, or FEPs) and subsequent selection of the most critical factors that are grouped into discrete 
CO2 leakage scenarios. A questionnaire about the site, to be filled in by experts, has been designed to 
produce an initial overview of potentially important risk factors.  
Use of CASSIF as a support tool enhances the security of having ”tagged” all possible risk factors and 
scenarios that could take place in the specific storage site being studied. The results of CASSIF collected 
and discussed during the expert workshop are key for continuing with storage site assessment and 
quantitative evaluation. The relative importance of scenarios can be investigated by assessing the 
probabilities to end up in unfavourable states via a Markov chain. This approach offers a complementary 
supporting tool for guiding subsequent numerical work [1].  
3.2 Scenario Analysis 
For the Scenario Analysis module various models of different complexity can be used depending on 
the scenario in question and the details to be modelled. The proposed ICARAS workflow relates to this 
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balance between model complexity and simulation efficiency, using appropriate modelling tools 
depending on situation and type of the assessment needed. 
3.2.1 Reservoir modelling 
For the reservoir modelling the ICARAS workflow is based on two complementary approaches. The 
first approach is based on a simplified tool, COSE (Fig. 3), simulating CO2 storage and possible leakage. 
The tool simulates plume development, accounts for capillary trapping and dissolution, and includes 
possible leakage trough given pathways. The simplified model runs many orders of magnitude faster than 
standard reservoir simulation tools (like ECLIPSE) and has demonstrated to provide comparable results 
on different synthetic cases. A new version of COSE is under development, which includes pressure 
evolution and possible pressure induced fracturing of caprock. 
Fig. 3. Schematic description of the mechanisms and formulation of the simplified integrated simulator COSE. 
Typically the use of COSE will be sufficient for an initial risk assessment when only a few data is 
available or for screening purposes. In a more advanced phase more detailed numerical models will be 
usually needed to provide a more accurate risk quantification. 
The second approach is based on the simplification of detailed reservoir simulation models which are 
usually available particularly for depleted hydrocarbon reservoirs. Construction of simplified 
representative numerical models involves reducing the number of cells, simplifying the reservoir 
geometry, reducing the number of chemical components and adapting the petrophysical characterization 
(permeability and porosity) and relative permeability. Comparison with the detailed models allows then to 
validate the approach. Use of such representative models can be necessary to evaluate a large number of 
scenarios taking into account the main model uncertainties.   
3.2.2 Geomechanical modeling 
Fracturing of caprock or reactivation of faults due to pressure build up introduces possible pathways 
for leakage of CO2 to the overburden and from there possibly to the biosphere. Factors such as fault 
density, caprock thickness and quality, burial history, and regional stress, define values and variability for 
Monte Carlo simulations of CO2 storage and assessment of probabilities for such leakage. PFRAC is a 
simple analytical tool developed in the ICARAS project based on the Mohr-Coulomb criterion providing 
fracturing limit pressure given an initial stress state.  
More generally, geomechanical models are used to define criteria to activate a leakage in a reservoir 
model. The leakage can then be modelled directly in the reservoir model by adding a caprock to surface 
model.    
3.2.3 Migration model 
Another method in the Scenario Analysis module is the basin modelling approach. SINTEF's in-house 
basin modelling software, SEMI [3], is being extended to include specific CO2 behaviour. This 
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formulation allows modelling of the migration of buoyant fluids in and between geological formations on 
a basin scale, and performs quick scans of the possible migration pathways in order to identify regions of 
the overburden that warrants more careful investigation. In particular, SEMI formulation is upgraded to 
include CO2 dissolution mechanisms important for medium to long term assessment of CO2 behaviour in 
the underground (e.g. elements of COSE have been included to mimic the convection-driven dissolution 
of CO2 at the gas-water-contact). 
The fast computation time makes this approach suitable for Monte Carlo simulations. The SEMI 
Monte Carlo simulation option can hence be used for risk analysis and assessing uncertainties in 
migration and trapping of CO2, especially by performing sensitivity analysis on fault rock properties and 
caprock integrity. 
3.2.4 Well integrity 
Within ICARAS a combination of a statistical risk ranking tool for wells and a specified assessment of 
the actual performance of the wellbore materials is being developed to determine risks related to the wells 
in the storage complex. 
A well ranking tool categorizes wells in the storage area according to their configuration, history and 
quality of well barriers. It specifies which wells present a risk and have to be assessed in more detail. 
For high-risk (and particularly inaccessible) wells the actual state of the wellbore materials will be 
evaluated by geochemical modelling considering degradation and corrosion processes. Furthermore, the 
operational history of the wells will be considered in the subsequent mechanical modelling to account for 
the actual mechanical integrity of the well barriers and their interfaces. 
In order to perform risk assessment evaluation, a representative model running in minutes instead of 
hours will mimic the behaviour of the more detailed calculations (e.g. DIANATM, ABAQUSTM) and state 
if (and when) mechanical failure occurs. This representative model is then linked to the uncertainty 
assessment software COUGARTM for probability quantification (see Section 3.3). 
3.3 Uncertainty assessment 
The commercial software CougarTM is used to assess uncertainties by performing uncertainty analysis 
on key parameters used in modelling. Consequently, uncertainty analysis on estimated effects of CO2
release is also performed. Hence, Uncertainty Assessment is coupled to Scenario Analysis and Impact 
Assessment. 
Cougar software uses advanced response surface methods [4] to compute failure probabilities and to 
quantify impacts and their associated probability at minor costs in terms of reservoir simulations. Typical 
failure probabilities that can be computed are probabilities of exceeding a given threshold on the caprock 
pressure or probability of a certain amount of CO2 reaching an abandoned well. For a risk scenario 
composed of different failure events the combined failure probability can also be efficiently computed. 
Advanced methods to deal with the problem of the estimation of very low failure probabilities and to the 
problem of reliability sensitivity analysis have been tested on synthetic test cases. Sensitivity analysis 
helps in risk analysis applications to determine which uncertain parameters have maximum impact. Thus 
one enables oneself to focus only on a limited number of parameters. The resulting influential parameters 
have then to be well characterized in terms of uncertainty distribution and are then used to perform 
uncertainty propagation in order to compute failure probabilities and to quantify possible impacts. 
3.4 Impact assessment 
For the Impact Assessment two commercial software packages are used: EFFECTS for the 
consequence analysis based on dispersion models, and RISKCURVES, a tool to perform Quantitative 
Risk Assessments (QRAs) and determine risks ((probability*consequence). In a QRA the probability of 
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an accident, weather statistics and the population distribution are taken into account. For an initial impact 
assessment only EFFECTS is used and topography is not taken into account. For a detailed assessment 
computational fluid dynamics is used on a specified topography to estimate consequences of a specific 
leakage scenario. In order to calculate risks, failure probabilities need to be provided. 
To quantify the possible risks on human health, the outputs of Cougar need to be coupled with the 
EFFECTS software. Cougar provides maximum leakage rates on the surface which are then analysed by 
EFFECTS which then provides health risks on humans and defines safety areas. 
4. Test case: highlights of risk assessment of CO2 storage in an offshore gas field 
The test case concerns a real offshore reservoir in which CO2 is currently being injected for EGR 
purposes. The field has been operated for more than 25 years and the geological setting for CO2 storage 
has to be considered as safe in several independent risk assessment studies. The seal of the original gas 
accumulation has a thickness of several hundred of meters of evaporites and the faults appear to have 
withstood the gas pressure for a considerable time. The seal rock type and its thickness make it very 
unlikely that a fault through the seal would be a weak spot for CO2 containment. The actual weak spots 
left are man-made structures - the wells, as indicated by the scenario analysis. 
Nevertheless, artificial, partly unrealistic leakage scenarios are created to be able to test some aspects 
of the ICARAS workflow and to investigate worst-case scenarios, concerning leaky wells.  
The risk assessment approach is based on the construction of a simplified representative model starting 
from the original, more complex geological model, by reducing the number of cells, simplifying the 
geometry, reducing the number of chemical components and adapting the petrophysical characterization 
(e.g. porosity), and relative permeability (Kr).Three leakage scenarios are formulated. The first scenario 
considers a leakage occurring in the injection well, the second scenarios deals with a leakage through the 
caprock and the third scenario deals with a leaking abandoned well (see Fig. 4 for a schematic view of 
Scenarios 1 and 3). The probability of occurrence of each of the three scenarios is provided by a group of 
experts, then the possible impacts of each leakage scenario are evaluated by means of the reservoir 
simulator (PumaFlowTM) coupled with CougarTM uncertainty analysis software. Model simplification is a 
preliminary step to be able to perform a higher number of simulations with a reduced computational time, 
without altering significantly the accuracy of the results. It is also important to note that in order to 
observe a leakage up to the surface some hypothetical geological scenarios allowing such migration have 
to be included in the model. The possible geological migration paths are infinite and therefore only the 
most probable ones provided by experts are simulated with SEMI, including migration scenarios above 
the caprock. The obtained leakage rates are then analysed with EFFECTS to identify the potential impact 
on humans. 
Fig. 4. Schematic view of risk Scenarios 1 (left) and 3 (right) 
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During the test case we focused on the feasibility of the study rather than the completeness of the 
approach in terms of risk scenarios. One of our objectives is the comparison between the simulation 
performance of the complex model and the representative one. Criteria used are simulation time and 
accuracy of the match between the complex and representative model. The results of the simulations 
showed a marked gain in terms of simulation speed (from hours to minutes) while maintaining an 
acceptable similarity between the results. Discrepancies observed are mainly due to geometry of the 
caprock to surface model and to the equivalent Kr curves (pseudo Kr).  
An example of the qualitative good agreement between the quick representative model and the full 
model is shown in Fig. 5 for Scenario 1. The figure represents the gas saturation after 1000 years for both 
models, no leakage up to the surface is observed in this case. 
Fig. 5. CO2 saturation after 1000 years for Scenario 1 for the quick representative model (left) and full model (right) 
To observe some leakage up to the surface we introduced some uncertainty in the average permeability 
and pore volume of the different layers above the caprock together with some end points of the KrPc 
curves for each layer. The uncertainty analysis performed using Cougar shows a possible leakage up to 
the surface only for the Scenario 1 and 3. Results of some simulations performed during the uncertainty 
analysis and resulting into a leakage are shown in Fig. 6 (CO2 rates and cumulative leakage). 
Fig. 6.Leakage rate (left) and cumulative leakage (right) at the surface for Scenario 1 
Two types of risks are analysed: the sanitary risk due to a leakage on the surface with very high CO2
concentrations and a long term risk of a poor effectiveness of the storage leading to very large amount of 
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CO2 being delivered in the atmosphere during time. The analysis shows that it is only this second type of 
risk which seems to be relevant even though the probability of occurrence remains very low. Results in 
Tab. 1 show the evaluated fraction of total amount of CO2 leaking after 1000 years with different 
probabilities for Scenario 1. 
In any case, decision makers should decide whether such impacts are acceptable or not and eventually 
install monitoring and remediation plans to reduce such risk. 
Tab. 1 Cumulative leakage fraction after 1000 years and corresponding probability for Scenario 1 
Cumulative leakage Probability 
>1% 5E-05 
>2% 1E-05 
>3% 3E-06 
>4% 1E-06 
>5% < 1E-6 
A worst case leakage rate (from Scenario 3: Abandoned well leakage above the caprock) is transferred 
into EFFECTS and the impact on humans is calculated (assuming the leakage would occur at the surface). 
It is found that even assuming this overrated source rate and a “continuous” release, the toxic dispersion 
calculation does not find any harmful consequences for humans (or environment) even when using very 
high exposure durations. The increased CO2 concentration lies at ~7 ppm at ground level in the near well 
area (in addition to the atmospheric background level of 380-450ppm). Please note again that all leakage 
scenarios are of an artificial nature and have been created in order to test the ICARAS risk assessment 
methodology. 
5. Summary  
In this paper we have shown progress by three institutes (IFPEN, SINTEF, TNO) to join forces and to 
come up with an integrated workflow for risk assessment in CO2 storage. Starting with a qualitative 
analysis and scenario definition potential risky scenarios are defined. These are subsequently investigated 
in a quantitative way, either by so-called fast models or by fully developed numerical codes. The 
important item of sensitivity analysis is addressed by probabilistic means. Finally, the effects of potential 
surface leakage are addressed in this suite, resulting in a clear picture of the risks at a specific site / time. 
Future work will particularly focus on the improvement of the current well integrity evaluation 
workflow (e.g. assessment of well bore materials), data transfer enhancement between the various tools, 
and developing additional fast models. 
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